Coniferous forests cover the mountains in many parts of Central Asia and provide large potentials for dendroclimatic studies of past climate variability. However, to date, only a few tree-ring based climate reconstructions exist from this region. Here, we present a regional tree-ring chronology from the moisture-sensitive Zeravshan juniper (Juniperus seravschanica Kom.) from the Kuramin Range (Tajikistan) in western Central Asia, which is used to reveal past summer drought variability from 1650 to 2015 Common Era (CE). The chronology accounts for 40.5% of the variance of the June-July self-calibrating Palmer Drought Severity Index (scPDSI) during the instrumental period (1901 to 2012). Seven dry periods, including 1659-1696, 1705-1722, 1731-1741, 1758-1790, 1800-1842, 1860-1875, and 1931-1987, and five wet periods, including 1742-1752, 1843-1859, 1876-1913, 1921-1930, and 1988-2015, were identified. Good agreements between drought records from western and eastern Central Asia suggest that the PDSI records retain common drought signals and capture the regional dry/wet periods of Central Asia. Moreover, the spectral analysis indicates the existence of centennial (128 years), decadal (24.3 and 11.4 years), and interannual (8.0, 3.6, 2.9, and 2.0 years) cycles, which may be linked with climate forces, such as solar activity and El Niño-Southern Oscillation (ENSO). The analysis between the scPDSI reconstruction and large-scale atmospheric circulations during the reconstructed extreme dry and wet years can provide information about the linkages of extremes in our scPDSI record with the large-scale ocean-atmosphere-land circulation systems.
Introduction
As a result of climate warming during recent decades, the intensity and frequency of drought events have been increasing [1] [2] [3] . Climate models predict a significant increase in the extent of dry Forests 2019, 10, x FOR PEER REVIEW 3 of 16 m a.s.l.) amounts to 164.1 mm, with only 19.1% of the total annual rainfall falling during the warm season, which is approximately from May to September. July (average monthly temperature of 28.6 °C) and January (−0.8 °C) are the warmest and the coldest months, respectively (Figure 2 ). At the sampling sites Obiasht and Adrasman (Table 1) , with sparse vegetation among different trees, opencanopy juniper forests grow on thin soil ( Figure 3 ). All tree-ring samples were collected from the dominant species, the Zeravshan juniper (Juniperus seravschanica). In total, 81 samples (from 40 trees) were taken from the two sites in the low elevation area of Kuramin Range. The oldest tree (1594-2015) was found at the Adrasman site. m a.s.l.) amounts to 164.1 mm, with only 19.1% of the total annual rainfall falling during the warm season, which is approximately from May to September. July (average monthly temperature of 28.6 °C) and January (−0.8 °C) are the warmest and the coldest months, respectively (Figure 2 ). At the sampling sites Obiasht and Adrasman (Table 1) , with sparse vegetation among different trees, opencanopy juniper forests grow on thin soil ( Figure 3 ). All tree-ring samples were collected from the dominant species, the Zeravshan juniper (Juniperus seravschanica). In total, 81 samples (from 40 trees) were taken from the two sites in the low elevation area of Kuramin Range. The oldest tree (1594-2015) was found at the Adrasman site. After drying and mounting on the mounts, the tree-ring samples were polished with 400 grit sandpaper to enhance the tree-ring boundaries. The Velmex measuring system, with a precision of 0.001 mm, was used to measure annual ring widths. The quality of the cross-dating and measurements was controlled using COFECHA software [38] . The two chronologies of Obiasht and Adrasman showed a common signal, with an altitude difference of 372 m. The strength of the common signal can be assessed using the mean interseries and chronologies correlations ( Table 2 ). The result of correlation analysis reveals that high correlation (r = 0.52, p < 0.001) exists between the site chronologies. These reflected the common responses to climatic influences. This allowed us to use all the tree-ring width series of juniper trees to construct a regional chronology. Consequently, we combined all the series from the two sites into a synthesis chronology. The ARSTAN program [39] was used to develop a regional chronology for the Kuramin Range. Detrending by the negative exponential curve removed the non-climatic trends. The detrended series were then pre-whitened with low-order autoregressive models to remove persistence not related to climatic variations [39] . To minimize the influences of outliers in the tree-ring indices, a bi-weight robust estimate of the mean was used. The regional standard chronology (RC) was used in the further analyses. The fully replicated chronology, with an expressed population signal [40] greater than or equal to 0.85, was achieved with a minimum tree number of five trees from 1650 CE. 
Statistical Analysis
The tree-ring width chronologies were correlated with a set of monthly climate variables (including monthly total rainfall and average temperature) from July of the previous year to September of the current year, from the Khujand station, for the period from 1927 to 1990. Since the surrounding areas have over a century of climate data, the self-calibrating Palmer Drought Severity Index (scPDSI) [3] for the Kuramin Range (averaged over 40°30′-41°30′ N, 70°00′-71°00′ E) for the period from 1901 to 2012 (obtained from the KNMI Climate Explorer website (http://climexp.knmi.nl/) was also used in the correlation analysis.
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The tree-ring width chronologies were correlated with a set of monthly climate variables (including monthly total rainfall and average temperature) from July of the previous year to September of the current year, from the Khujand station, for the period from 1927 to 1990. Since the surrounding areas have over a century of climate data, the self-calibrating Palmer Drought Severity Index (scPDSI) [3] for the Kuramin Range (averaged over 40 Correlations between the tree-ring width chronologies and the monthly climate records allowed identification of the main limiting factors for tree growth. Based on linear regression analysis, a statistical model between the predictand (scPDSI) and the predictors (the RC chronology) was [39] . In this study, wet and dry periods were determined if the 31 year low-pass values were lower than the average value of the scPDSI reconstruction continuously for more than 10 years.
To investigate common drought signals of juniper-dominated Central Asia, principal component analyses [41] was used over the common period (1700-2012) of the moisture-sensitive tree-ring chronologies of juniper trees (this study; [35, 36] ). Comparison with regional drought records from spruce-dominated Central Asia considers the tree-ring-based drought reconstruction [34] , which accounts for 70.4% of the total variance of spruce tree-ring series from spruce-dominated Central Asia.
Spectral analyses were performed using the cross wavelet transform [42] and the Multi-Taper Method [43] . We used a 5 × 3π taper and a red noise background in the multi-taper spectral analysis. The wavelet function used in the study was a Morlet wavelet with a wave number of six, and the wavelet power, significant at the 5% level, was tested against a red noise process. For better visual comparison, the regional drought series of western and eastern Central Asia were standardized and smoothed with a 20 year low-pass filter. We also calculated the spatial correlation using the KNMI Climate Explorer (http://climexp.knmi.nl/) to reveal the geographical representation of our records and investigate correlation fields with sea surface temperature [44] . In order to explore the linkages between reconstructed scPDSI extreme events and atmospheric circulation patterns over West and Central Asia, NCEP climate data [45] were used to create May-July composite anomaly maps of the geopotential height, SSTs, and 500 hPa vector wind in the driest 10 years and wettest 10 years during the period from 1948 to 2010.
Results

The scPDSI Reconstruction
Statistical results from the ARSTAN program indicated that over the common period from 1901 to 2015, the Kuramin Range chronology had a high standard deviation (0.45), signal-to-noise ratio (32.22) , and EPS (0.97). The variance in the eigenvector of all the detrended series accounted for 51.6% of the total variance, indicating that juniper tree growth at the two sites was influenced by similar factors. Significant positive correlations (p < 0.05) between the Kuramin Range chronology and the total monthly precipitation were found in the current April-July (r: 0.26-0.36) (Figure 4 ). Significant negative correlations with the monthly mean temperature were found in the current May-June (r: −0.28 to −0.44). The Kuramin Range chronology was positively and significantly correlated with scPDSI during the previous July-September, particularly from April to September (r: 0.59-0.637). We also investigated the correlations between the Kuramin Range chronology and the seasonally averaged scPDSI, and the strongest correlation (r: 0.637) was found with mean June-July scPDSI . Thus, the scPDSI reconstruction was developed by calibrating the Kuramin Range chronology with mean June-July scPDSI data. The climate-growth response patterns were similar in the two site chronologies ( Figure 4 ). During the calibration period, from 1901 to 2012, the predictor variable (the Kuramin Range chronology) accounts for 40.5% of the variance in the instrumental scPDSI data (40.0% after adjustment for loss of degrees of freedom). The model obtained was the following: Y = −3.857 + 2.647X, (1) where Y is mean June-July scPDSI and X is the tree-ring index.
The positive RE and CE reveal the good predictive skill of the statistical model ( Table 3) . The results of the sign and the first-order sign tests both exceed the 99% confidence level. These test results indicated that our statistical equation was reliable. Figure 5 shows a comparison of reconstructed and instrumental mean June-July scPDSI data in the Kuramin Range during the period from 1901 to 2012. The comparison shows that the reconstructed scPDSI is quite consistent with the instrumental scPDSI on short and long timescales during the 20th century. The coefficients were calculated from the previous July to the current September. Horizontal dashed lines denote 95% significance levels.
During the calibration period, from 1901 to 2012, the predictor variable (the Kuramin Range chronology) accounts for 40.5% of the variance in the instrumental scPDSI data (40.0% after adjustment for loss of degrees of freedom). The model obtained was the following:
where Y is mean June-July scPDSI and X is the tree-ring index.
The positive RE and CE reveal the good predictive skill of the statistical model (Table 3 ). The results of the sign and the first-order sign tests both exceed the 99% confidence level. These test results indicated that our statistical equation was reliable. Figure 5 shows a comparison of reconstructed and instrumental mean June-July scPDSI data in the Kuramin Range during the period from 1901 to 2012. The comparison shows that the reconstructed scPDSI is quite consistent with the instrumental scPDSI on short and long timescales during the 20th century. 
Analyses of Drought Variation in the Kuramin Range
The Kuramin Range reconstruction provides insight into past drought variation for this part of northern Tajikistan from 1650 to 2015 CE ( Figure 6 ). In this study, a dry period was determined if the low-pass filtered PDSI values were lower than the long- 
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The Kuramin Range reconstruction provides insight into past drought variation for this part of northern Tajikistan from 1650 to 2015 CE ( Figure 6 ). In this study, a dry period was determined if the low-pass filtered PDSI values were lower than the long- The three tree-ring width chronologies of juniper trees (this study; [35, 36] The three tree-ring width chronologies of juniper trees (this study; [35, 36] [34] , yielded a correlation coefficient of (r = 0.35, p < 0.001, n = 306). The PC1 also mirrors similar dry/wet intervals to the regional drought series from spruce-dominated Central Asia. Common dry periods (1710s, 1770-1780s, 1800s, 1910-1940s, and 1970-1980s ) and wet periods (1720-1730s, 1790s, 1850s, 1890s, 1950-1960s, and 1990-2000s) were found in the two regions (Figure 7) .
Spatial climate correlation analyses revealed that the actual (Figure 8a ) and reconstructed ( Figure 8b ) scPDSI series correlate significantly with June-July gridded scPDSI and reveal similar spatial correlation fields, albeit the signal strength of the latter is lower. Significant positive correlations were observed in the Fergana Basin. The significant positive correlations of PC1 and June-July gridded scPDSI are also seen from the Fergana Basin and the neighboring areas (Figure 8c) , suggesting a similar large-scale drought influence on Western Central Asia.
During the period from 1901 to 2015, significant positive correlations (p < 0.05), for the reconstructed scPDSI series of the Kuramin Range with gridded SSTs over the tropical oceans, were found after removing the linear trends of the SST data (Figure 8d ). The multi-taper method (MTM) of spectral analysis indicated that some centennial (128 years), decadal (24.3 and 11.4 years), and interannual (8.0, 3.6, 2.9, and 2.0 years) periodicities were found in the reconstructed scPDSI data for the Kuramin Range ( Figure 9 ). 
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Climate-Growth Relationships
The correlations between the regional chronology and the climate factors reveal that the radial growth of the Zeravshan juniper in the low elevation area of Kuramin Range was mainly limited by the water availability. This linkage resembles other findings in the dryland of the inner Asia and suggests the influence of moisture conditions on the juniper growth there [35, 37, [46] [47] [48] . As shown in some studies [22, 49] , the combination of low precipitation and high temperatures in the previous growing season results in less accumulation of photosynthetic matter for the next year. Additionally, the climatic conditions in the current year have impacts on the earlywood width, which in turn, mostly determines the total tree-ring width. The observational study about the growth of juniper trees in the Qilian Mountains reveals that the radial growth in June accounts for over 50% of the total tree-ring width [50] . As our tree-ring cores were sampled at the low elevation area, with June-September precipitation of only 12.7 mm (from the Khujand station), the radial growth of juniper trees is mostly dependent on soil moisture recharged from rainfall and thus responds to scPDSI and rainfall variation well. The precipitation in June to September accounts for 7.7% of the total annual precipitation, while June-July are the hottest months. The rise in May-June temperatures promotes evaporation and promotes the already existing drought stress [51, 52] . As shown in the research [37] , junipers growing at lower elevations in western Central Asia are sensitive to summer drought, which has increased in intensity during the studied period. Thus, it is no surprise that the radial growth of the Zeravshan juniper in the low elevation area of the Kuramin Range responds to summer drought variation in summer very well.
Comparing Reconstructed Drought in Central Asia
Some differences, existing between the drought records (i.e., in the 1700s, 1740-1760s, 1810-1840s, 1860-1880s, and 1900s), may reflect local influences in local geography (such as that the spruce-dominated Central Asia is wetter) or the difference in tree species (juniper and spruce). Despite this, a high correlation coefficient revealed that drought stress is the major limiting factor on the tree growth of Central Asia, and covers the whole region. [34] also found significant correlations (p < 0.05) between the drought series of spruce-dominated Central Asia and gridded SSTs over the tropical ocean, very similar to what was found for the Zeravshan juniper in this study, with a strong response to SSTs. Similar patterns suggest that the drought variations of juniper-dominated and spruce-dominated Central Asia may be linked with these tropical domains. In particular, the juniper-dominated and spruce-dominated Central Asia both exhibited a wetting trend during 1970-2010s, implying a consistent moisture increase in Central Asia, which is of great significance for alleviating the serious shortage of freshwater resources.
In order to further reveal the characteristics of the large-scale extreme drought events in Central Asia, we further extracted the first principal component of PC1s of juniper-dominated and spruce-dominated Central Asia, which accounted for 74.8% of the total variance during the period from 1901 to 2005. The driest year (1917) in the Kuramin Range was also found in other regions of Central Asia [14, 32, 34, 36] . Based on the PC1s of the juniper-dominated and spruce-dominated Central Asia, large-scale severe drought events in the periods 1917-1918, 1944-1945, and 1974-1976 were found in Central Asia during the 20th century. Figure 10 showed that scPDSI anomalies during the periods 1917-1918, 1944-1945, and 1974-1976 are noticeably negative over Central Asia and the Indian subcontinent was anomalously wet. Based on the above analyses, we affirm that the juniper and spruce forests in Central Asia were mainly limited by strong large-scale drought stress. 
Possible Climate Drivers
As previously mentioned, the occurrence of drought extremes in Central Asia may be connected with the drought variations in the Indian subcontinent. The wet-year composite is characterized by strengthened southerlies and westerlies entering into Central Asia and is associated with a negative center over Central Asia and some positive height-anomaly centers in the Near East and Indian ocean (Figure 11a,b) . Positive SST anomalies were found in the tropical Indian and western Pacific Ocean during the wettest years (Figure 11f ). Relatively abundant moisture is brought across the Arabian Peninsula and the Iranian Plateau by the strong westerly jet and travels further northward, causing increased moisture over the southern part of Central Asia. This finding resembles previous research, which has indicated drought variations over southwestern and Central Asia are strongly linked with the subtropical westerly jet and SSTs in the tropical Indian oceans [53, 54] . The composite of 500 hPa geopotential height during the driest years is the reverse of the wettest year composite in that the anomaly over Central Asia is relatively high (Figure 11d ). This relatively high anomaly, combined with a relatively low one over the Near East and Indian Ocean, shows the Somali jet abnormally southward and that there is perhaps an enhanced dry jet across Central Asia (Figure 11c ), causing increased moisture over the Indian subcontinent. These relationships essentially reflect the influences of the Eurasian winter snow cover, and its associated subsequent summer drought conditions of the Asian hinterland, on the intensity of South Asian summer monsoon [55] . Some research has revealed that negative SST anomalies over the tropical Indian Ocean tend to associate with weak southwesterly winds and lead to increased droughts in Central Asia [53, 56] . The pattern during the driest years supports such a connection. As seen above, moisture conditions in Central Asia are linked with SSTs in the tropical oceans and large-scale atmosphere circulations.
The 8.0, 3.6, 2.9, and 2.0 year cycles were linked with the variations of the El Niño Southern Oscillation (ENSO) index [57] and the cross-equatorial low-level jet of the western Indian Ocean [58] (Figure 12a,b) . Some studies show that the atmosphere circulations between Central and Southern Asia is affected by the ENSO-induced anomalies in southwesterly moisture flux that originates from tropical Africa and the Arabian Sea [54, 59] . During warm ENSO events, an anomalously strong southwesterly moisture flux was generated along the northwestern flank of the high-pressure anomaly over the Indian and western Pacific Oceans, causing increased rainfall over central Asia, and vice versa [59, 60] . Consistently, the above connection between ENSO and drought variation over Central and southwest Asia was corroborated by the results of our synoptic climatology analysis. The 24.3 and 11.4 year periodicity is likely related to the variations of large-scale modes of solar activity [61, 62] . Comparison of the scPDSI reconstruction and the sunspot relative number series (http://www.sidc.be/silso/DATA/yearssn.dat) also reveals that there exists a significant relationship in the 11 year band from 1700 to 2000 (Figure 12c ). The influence of solar cycles on Central Asian drought variations has also been indicated by dendroclimatic research [63] . These findings suggest that the solar activity has played a role in driving drought variability over Central Asia in the last three centuries. The sun is considered as the most important driving force of the earth climate system 
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Forests 2019, 10, x FOR PEER REVIEW 12 of 16 [64] and many studies have revealed good correlation changes between solar activity and the global surface temperature [65, 66] . The drought cycles may be linked with temperature variation, which is controlled by the long-term solar activity in some manner, directly or indirectly. Evaporation increases with the rise in temperatures, which accelerates the already existing water stress (Figure 4) . Thus, the solar control is best described as a modulation of terrestrial drought-inducing mechanisms [67] and has left fingerprints of solar activity in tree rings from Central Asia. However, large-scale climate modes on the regional drought of the Central Asia are more complicated than expected and a number of unknown physical processes at various timescales await further investigation. A cross wavelet transform of the reconstructed scPDSI of the Kuramin Range with (a) the ENSO index [57] , (b) the the low-level cross-equatorial jet of the western Indian Ocean [58] , and (c) sunspot number (http://www.sidc.be/silso/DATA/yearssn.dat). The 5% significance level against red noise is shown as a thick contour. The relative phase relationship is shown as arrows (with in-phase pointing to the right, anti-phase pointing to the left).
Conclusions
In this study, based on tree-ring width series of Zeravshan junipers, we developed a new JuneJuly scPDSI reconstruction from the Kuramin Range in northern Tajikistan, which indicated drought variations at different time scales over the past 366 years. The drought reconstruction captures the recent wetting trend of juniper-dominated Central Asia (western Central Asia) well, and represents drought variations over a large area. The dry/wet periods identified in the drought reconstruction are in good agreement with drought series from spruce-dominated Central Asia. Moreover, the analysis of links between the climate variations and our scPDSI reconstruction reveals that there are some linkages of extremes in this scPDSI reconstruction, with anomalous large-scale atmosphere circulations in the Indian Ocean Rim. In Central Asia, the Zeravshan juniper can live from about 500 to 1000 years. Thus, more efforts should be paid to extend the dendroclimatic reconstructions by collecting the cores from the old trees and developing spatial drought reconstructions to reveal the spatiotemporal drought variations of Central Asia.
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In this study, based on tree-ring width series of Zeravshan junipers, we developed a new June-July scPDSI reconstruction from the Kuramin Range in northern Tajikistan, which indicated drought variations at different time scales over the past 366 years. The drought reconstruction captures the recent wetting trend of juniper-dominated Central Asia (western Central Asia) well, and represents drought variations over a large area. The dry/wet periods identified in the drought reconstruction are in good agreement with drought series from spruce-dominated Central Asia. Moreover, the analysis of links between the climate variations and our scPDSI reconstruction reveals that there are some linkages of extremes in this scPDSI reconstruction, with anomalous large-scale atmosphere circulations in the Indian Ocean Rim. In Central Asia, the Zeravshan juniper can live from about 500 to 1000 years. Thus, more efforts should be paid to extend the dendroclimatic reconstructions by collecting the cores from the old trees and developing spatial drought reconstructions to reveal the spatiotemporal drought variations of Central Asia. 
